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1Abstract—In this paper, a new power sharing control me-
thod for a microgrid with several distributed generation units is 
proposed. The presence of both inertial and non-inertial sources 
with different power ratings, maximum power point tracking, 
and various types of loads pose a great challenge for the power 
sharing and system stability. The conventional droop control 
method is modified to achieve the desired power sharing ensur-
ing system stability in a highly resistive network. A transforma-
tion matrix is formed to derive equivalent real and reactive 
power output of the converter and equivalent feedback gain 
matrix for the modified droop equation. The proposed control 
strategy, aimed for the prototype microgrid planned at Queen-
sland University of Technology, is validated through extensive 
simulation results using PSCAD/EMTDC software. 
 Index Terms: Microgrid, Power Sharing, Micro Source, Vol-
tage Source Converter, Droop Control, Stability. 
I. INTRODUCTION 
HE interconnection of distributed generators (DGs) in a 
microgrid always raise concern about system stability 
and coordinated control. Parallel DGs have been controlled 
to deliver desired real and reactive power to the system. Lo-
cal signals are used as feedback to control the converters. 
The real and reactive power sharing can be achieved by con-
trolling two independent quantities – the frequency and the 
fundamental voltage magnitude [1, 2]. The aim of a micro-
grid is to improve the quality and reliability of the delivered 
power to the load. Therefore the microgrid should appear as 
a single controllable load that responds to changes in the 
distribution system. Different micro-sources can be con-
nected to the microgrid, such as inertial sources like diesel 
generator and converter interfaced sources as fuel cell or 
photovoltaic (PV).  A diesel generator set (genset) consists of 
an internal combustion (IC) engine and a synchronous gen-
erator coupled on the same shaft. Such systems are widely 
used as backup or emergency power in commercial as well 
as industrial installations. Diesel gensets are also heavily 
used in remote locations where it is impractical or prohibi-
tively expensive to connect to utility power [3]. Over the last 
few decades, there has been a growing interest in fuel cell 
system for power generation  and identified as a suitable so-
lution for distributed generation [4].  
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Other than fuel cell, the use of new efficient photovoltaic 
solar cells (PVs) has emerged as an alternative measure of 
renewable green power, energy conservation and demand 
side management. [5]. 
To investigate the operation of all the micro-sources to-
gether, a microgrid is planned at QUT where the main issue 
is decentralised power sharing and system stability. The high 
penetration of DGs always raises concern of system stability 
[6-8]. High feedback gains in power sharing controllers (to 
ensure desired power sharing) can lead the system to instabil-
ity. It is always desired in a microgrid that all the DGs re-
spond to any load change in a similar rate to avoid the over-
loading of a lagging or leading DG. In the presence of both 
inertial and non inertial DGs, the response time for each DG 
to any change in load power demand will be different. A 
converter interfaced DG can control its output voltage instan-
taneously and so the change in the power demand can be 
picked up quickly, while in an inertial DG, the rate of change 
in power output is limited by the machine inertia. To ensure 
that a load change is picked up by all the DGs in same rate, 
the rate of change in converter interfaced DGs is to be lim-
ited. Moreover, when the micro sources and the loads are not 
symmetrically distributed along the microgrid, highly resis-
tive line impedance can be a great challenge to the power 
sharing controller.  
In this paper, with the co-ordinated control of four DGs, 
the system stability is enhanced with derivative feedback and 
proper power sharing is ensured with modified droop control. 
To investigate the system response with the dynamics of the 
DG units, the sources and all the power electronic interfaces 
are modelled in detail. The efficacy of the proposed control-
ler is verified by extensive simulation results using 
PSCAD/EMTDC software for QUT prototype microgrid 
system. 
II. SYSTEM STRUCTURE 
The microgrid system under consideration is shown in Fig. 
1. There are four DGs as shown; one of them is an inertial 
DG (diesel generator) while others are converter interfaced 
DGs (the PV, fuel cell and battery). There are five resistive 
heater loads and six induction motors. The parameters of the 
grid, DGs, loads and controllers are given in Appendix A. 
The microgrid can run both in grid connected, as well as, 
autonomous mode of operation. 
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Fig.1 Microgrid structure under consideration 
III. DROOP CONTROL METHOD 
The decentralized power sharing among the DGs is first 
achieved by the use of conventional droop control as  
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where m and n are the droop coefficients taken proportional 
to rated power for power sharing among the DGs, ωs is the 
synchronous frequency, V is the magnitude of the converter 
output voltage and ω is its frequency, while P and Q respec-
tively denote the active and reactive power supplied by the 
converter, (The suffix rated represents the rated power). Thus 
the frequency and the voltage are being controlled by the 
active and reactive power output of the DG sources. The 
reference angle for the non inertial DGs is derived from the 
reference frequency as in [8].  
To increase the system damping and to restrict the rate of 
change in power output in non inertial DGs, the droop equa-
tions are modified as  
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In case of highly resistive lines, the main assumption of 
droop control (the real and reactive power is decupled in 
nature) is not valid. To demonstrate the modified frequency 
droop, a simple system with two sources and a load as shown 
in Fig.2 is considered. 
 
Fig. 2. Power Sharing in highly resistive line. 
 
The power flow from DG-1 for system shown in Fig. 2 as ( )[ ]
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where ( )121211 DD XRV +=η . From the above equation, 
multiplying Q1 by RD1 and subtracting the product from the 
multiplication of P1 and XD1 we get 
)sin( 11111111 δδ −=− VVQRPX DD             (3) 
In a similar way, we also get 
)cos( 1111
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It is to be noted that DG-1 does not have any control over 
the load voltage magnitude and angle. Hence they can be 
assumed as constant. Thus the linearization of (3) and (4) 
around the nominal values of V110 and δ110 results in 
( ) 11110111101111 )( VVVVQRPX DD Δ+Δ=Δ−Δ δδ          (5) 
111101111 )2( VVVQXPR DD Δ−=Δ+Δ             (6) 
where Δ indicates the perturbed value. From (5) and (6), the 
output voltage magnitude and angle of a DG-1 can be written 
in terms of real and reactive power as, 
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where the impedance Z1 and the matrix K are given by 
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Defining pseudo real and reactive power and feedback gain 
matrixes as 
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For highly resistive line the droop equation is modified as 
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where the initial real and reactive power droop coefficients 
are taken inversely proportional to rating as 
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The transformation matrix calculates the equivalent real 
and reactive power quantities and the feedback gain matrix 
of the converters to ensure the rating based power sharing 
among the DGs. 
IV. CONVERTER STRUCTURE AND CONTROL 
The non inertial DGs like PV, fuel cell and battery are in-
terfaced to the microgrid through voltage source converters 
(VSCs) as shown in Fig. 1. The output voltages, across the 
output capacitance and interfaced VSC of the PV and fuel 
cell are maintained by DC-DC choppers to control the power 
flow. The voltage control of the DG is discussed in the next 
section.  
In this section, the VSC structure and control is discussed. 
The VSC structure is the same [9] and contains three single 
phase H-bridges. The outputs of each H-bridge are connected 
to single-phase transformers and the three transformers are 
star connected. The VSC is controlled under closed-loop 
feedback.  
Consider the single phase equivalent circuit of the converter 
as shown in Fig. 3. In this, u⋅Vdc1 represents the converter 
output voltage, where u is the switching function that can 
take on ±1 value. The resistance RT represents the switching 
and transformer losses, while the inductance LT represents 
the leakage reactance of the transformers. The filter capacitor 
Cf is connected to the output of the transformers to bypass 
the switching harmonics, while Lf represents the output in-
ductance of the DGs.  
The main aim of the converter control is to generate u. A 
state feedback controller used for the VSC needs three states, 
converter output voltage (voltage across the capacitor vcf), 
output current and the filter current. 
 
Fig. 3. Single-phase equivalent circuit of VSC 
The average real and reactive power output of the VSC can 
be used to find the magnitude and phase angle of the refer-
ence rms current as 
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where Vcf = V. Hence the current reference can be given as 
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The state feedback and switching control laws are given as 
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where h is the hysteresis bandwidth with a small value. In 
(10), K is the feedback gain matrix and x∗ is the reference 
state vector. In this paper, this gain matrix is designed based 
on LQR method.  
V. MICRO SOURCE MODEL 
As mentioned before there are four DGs in the microgrid. 
The diesel generator is modeled as [3] and not shown in the 
paper. Other three DG models and associated power elec-
tronic controllers are discussed below. 
 
A. Fuel Cell 
 
Different methods have been introduced for modelling of 
fuel cells; however a simplified empirical model, introduced 
in [4], is used in this paper. The output voltage-current char-
acteristic of the fuel cell is given in (12). An open loop boost 
chopper is used at fuel cell output for regulating the neces-
sary DC voltage VC across the capacitor. The schematic dia-
gram of the simulated model with the output chopper is 
shown in Fig. 4. 
ieiiiV 025.02242.02195.0)log(38.123.371)( −−−=    (12) 
 
B. Photo Voltaic Cell (PV) 
 
PV arrays are built with combination of series and parallel 
PV cells which are usually represented by a simplified 
equivalent circuit as shown in Fig. 5. PV cell output voltage 
is a function of the output current while the current is a func-
tion of load current, ambient temperature and radiation level. 
The voltage equation with all associated constants are shown 
in Appendix A. The output chopper controls the voltage VC 
across the capacitor. The reference voltage of the chopper is 
set by a Maximum Power Tracking (MPPT) method for get-
ting the maximum power from the PV based on the load or 
ambient condition changes. The MPPT algorithm used in this 
paper is shown in Fig. 6 [5]. The chopper uses a PI controller 
in order to achieve the desired reference voltage set by the 
MPPT. 
 
 
Fig. 4. Fuel cell modelled equivalent circuit 
 
 
Fig. 5. Equivalent circuit of PV and boost chopper based on MPPT  
 
 
Fig. 6. MPPT control flowchart for PV 
 
 C. Battery 
 
The battery is modeled as a constant dc source voltage 
with series internal resistance where the VSC is connected to 
its output. The battery has a limitation on the duration of its 
generated power and depends on the amount of current sup-
plied by it. 
 
VI. SIMULATION STUDIES 
 
The system is simulated in various operating conditions 
with different load demand in the microgrid. The simulation 
results are discussed below while the numerical values of 
significant variables are shown in Appendix B. 
 
Case 1: Grid Connected and autonomous operating modes 
 
In this case, the microgrid operation has been investigated 
during grid connected and autonomous modes. In grid con-
nected mode, each DG will generate its rated power and the 
extra load demand will be supplied by the grid. In autonom-
ous mode total power demand is shared among the DGs pro-
portional to their rating. Fig. 7 shows the system response 
where the grid is disconnected at 0.5 sec. and resynchronized 
at 1.5 sec. A smooth resynchronization can be achieved as 
shown in [10]. It can be seen that the system reaches steady 
state within 10 cycles in either case. 
 
 
Fig. 7. Islanding and resynchronization  
Case 2: Power sharing in autonomous mode 
 
The response of the power sharing controller in accor-
dance with load changes in autonomous mode is investigated 
in this subsection. In this case, it is assumed the system is 
operating in steady state while all the micro sources are con-
nected and supplying the three 1.5 kW fan heater load. At 0.5 
sec all inductions motors get connected to the microgrid and 
the system response is shown in Fig.8. It can be seen the sys-
tem reaches to the steady state condition within 5-6 cycles 
and the extra power requirement is picked up by all the DGs. 
The micro sources output currents are shown in Fig. 9. For 
converter interfaced DGs, the change in output current are 
achieved within 1 cycle. The delay in change of power in the 
power output is due to the micro source dynamics (fuel cell 
and PV). 
 
Fig.8 Real power sharing of the DGs 
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Fig.9 Current output of the micro sources 
Case 3: Source inertia and system damping 
 
In the previous section it is noted that there is a finite dif-
ference in the rate of change in output current and power 
between the inertial and non inertial sources. As mentioned 
before it is always desired that all the DGs respond to any 
load change in a similar rate to avoid the overloading of a 
lagging or leading DG. In this case, it is assumed that syn-
chronous generator, battery and fuel cell are supplying the 
entire network load while at 0.5 sec. the PV is also connected 
to the system. The total power demand is shared by all the 
DGs. The system response is shown in Fig. 10. The inertia of 
the diesel generator and dynamics of the PV result in a large 
overshoot.  
To limit the rate of change in power output, the proposed 
derivative feedback in the power sharing controller is used. 
System response with the derivative feedback is shown in 
Fig. 11. It is obvious that derivative feedback has decreased 
the overshoot and improved the dynamic response of the 
system. 
 
 
Fig.10 Real power sharing of the DGs 
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Fig.11 Real power sharing of the DGs 
 
Case 4: Power Sharing in Highly Resistive Line  
 
The line impedances could be highly resistive especially in 
rural and low voltage networks. As discussed before a highly 
resistive line can pose great challenges to power sharing con-
troller as the main assumption of the conventional droop 
control method is not valid (The active and reactive power 
output from a DG is decoupled from each other.). To investi-
gate the system response in a highly resistive network, the 
line impedances are changed as mentioned in Table-I. While 
system running in autonomous mode and the four DGs sup-
plying all the loads, at 0.5 s, one of the 1.5 kW heater loads, 
“Heater1” and three induction motors M4, M5 and M6 are 
disconnected. Fig. 12 shows the system response with the 
conventional droop controller while Fig. 13 shows the re-
sponse with the proposed controller given in (8). The power 
sharing ratios are shown in Appendix B, Table- VII. It can be 
seen that the power sharing is far from desired with the con-
ventional controller while the proposed controller ensures a 
proper power sharing with stable system operation.  
 
Fig.12 Real power sharing of the DGs 
 
Fig.13 Real power sharing of the DGs 
 
VII. CONCLUSION 
 
The decentralized control of a microgrid in presence of in-
ertial and non inertial DGs is achieved. The enhanced system 
stability with a derivative feedback and proper sharing with 
modified droop control in highly resistive line is proposed 
and validated with simulation. Inclusion of the micro source 
model ensures proposed power electronic control can work 
in tandem with the associated dynamics of micro sources. A 
stable operation in various operating condition shows the 
efficacy of proposed control scheme. 
 
REFERENCES 
 
[1] J. M. Guerrero, L. G. de Vicuna, J. Matas, M. Castilla, and J. Miret, “A 
wireless controller to enhance dynamic performance of parallel inver-
ters in distributed generation systems,” IEEE Transactions on Power 
Electronics, Vol. 19, pp. 1205-1213, 2004. 
[2] M. C. Chandorkar, D. M. Divan, and R. Adapa, "Control of parallel 
connected inverters in standalone AC supply systems," IEEE Transac-
tions on Industry Applications, Vol. 29, No. 1, pp. 136-143, 1993. 
[3] S. Krishnamurthy, T.M. Jahns, R.H. Lasseter, “The Operation of Di-
esel Gensets in a CERTS Microgrid”, IEEE Power and Energy Society 
General Meeting- Conversion and Delivery of Electrical Energy in the 
21st Century, pp. 1-8, July 2008. 
[4] Y. Hou, G. Wan, W. Jiang, M. Zhuang, “Steady State Performance 
Modelling of a Fuel Cell Engine”, IEEE Int. Conf. on Vehicular Elec-
tronics and Safety (ICVES), pp. 424-427, Dec. 2006. 
[5] I.H. Altas, A.M. Sharaf, “A Novel Photovoltaic On-Line Search Algo-
rithm for Maximum Energy Utilization”, Int. Conf. on Communica-
tion, Computer and Power (ICCCP), Feb. 2007. 
[6] M. N. Marwali, M. Dai; A. Keyhani, “Robust stability analysis of 
voltage and current control for distributed generation systems” IEEE 
Trans. on Energy Conversion, Vol. 21, Issue-2, pp. 516-526, 2006. 
[7] M. Reza, D. Sudarmadi, F. A. Viawan, W. L. Kling, and L. Van Der 
Sluis, “Dynamic Stability of Power Systems with Power Electronic In-
terfaced DG,” Power Systems Conference and Exposition, PSCE'06, 
pp. 1423-1428, 2006. 
[8] M. N. Marwali, M. Dai; A. Keyhani, “Stability Analysis of Load Shar-
ing Control for Distributed Generation Systems,” IEEE Trans. on 
Energy Conversion, Vol. 22, Issue-3, pp. 737-745, 2007. 
[9] A. Ghosh, G. Ledwich, “Load Compensating DSTATCOM in Weak 
AC Systems,” IEEE Trans. on Power Delivery, Vol. 18, No. 4, pp. 
1302-1309, 2003. 
[10] R.Majumder, A.ghosh, G. Ledwich and Firuz Zare, “Control of Paral-
lel Converters for Load Sharing with Seamless Transfer Between Grid 
Connected and Islanded Modes”, IEEE Power and Energy Society 
General Meeting, Pittsburgh, USA, pp 1-7, 2008. 
 
 
APPENDIX A 
 
Table I: Grid and Loads Connected to the Microgrid 
Grid 
Voltage 415 V L-L RMS 
Frequency 50 Hz 
Line Impedance R=0.02 Ω, L=0.001 H 
Loads Type Load Power Requirement 
Fan Heater-3 Resistive Load, P=4.5 kW. 
Induction Motor-7 P=1.5 kW 
Non-linear Load-1 Rectified Parallel RLC, S=2 kVA 
 
Table II: PV and controller 
PV + Boost Chopper (MPPT) + Converter 
No. of PV cells in series 2 
No. of PV cells in parallel 3 
Output voltage of PV cell 0.1 V DC 
Rated output power 3.06 kW 
Radiation level 1100 
Ambient Temperature 30 oC 
Output voltage of Chopper 250 V DC 
Boost Chopper Parameters L=10μH, C=2 mF 
Boost Chopper Controller PI Voltage Control, kp=1, KI=0.001 
Converter Structure 3 Single Phase H Bridge Inverter 
Converter Loss R=1.5 Ω per phase 
Transformer 0.1/0.4 kV, 0.5 MVA, Lr=4.4 mH 
LC Filter Lf=49.8 mH, Cf=50 μF 
Hysteresis Constant 10-5 
 
 
Table III: Battery and controller 
Battery + Converter 
No. of battery units in series 2 
No. of battery units in parallel 10 
output voltage of battery unit 12 V DC 
Rated output power 2 kW, 226 A.hr 
Converter Structure 3 Single Phase H Bridge Inverter 
Converter Loss R=1.5 Ω per phase 
Transformer 0.12/0.4 kV, 0.5 MVA, Lr=4.4 mH 
LC Filter Lf=76.2 mH, Cf=50 μF 
Hysteresis Constant 10-5 
Table IV: Fuel Cell and controller 
FC + Boost Chopper + Converter 
Fuel cell rated power 4 kW 
Boost Chopper Parameters L=1 mH, C=1 mF 
Boost Chopper Controller Open loop control, Switch duty cycle=10% 
Converter Structure 3 Single Phase H Bridge Inverter 
Converter Loss R=1.5 Ω per phase 
Transformer 0.4/0.4 kV, 0.5 MVA, Lr=4.4 mH 
LC Filter Lf=38.1 mH, Cf=50 μF 
Hysteresis Constant 10-5 
Table V: Diesel Generator Set 
Structure Internal Combustion Engine + Exciter + 3 
phase Synchronous Generator 
Rated power 14 kVA 
Rated voltage 415 V L-L RMS 
Rated Frequency 50 Hz, 1500 rpm 
Table VI: Droop controller parameter 
Droop Coefficient (Power-Angle) 
m PV 294.1 rad/MW 
m Fuel cell 225 rad/MW 
m Battery 450 rad/MW 
m Synchronous Generator 75 rad/MW 
 
PV voltage equation: 
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where 
e: electron charge (1.602×10-19 C) 
k: Boltzmann constant (1.38×10-23 J/ok) 
Ic: output current of PV cell 
Iph: photocurrent (1 A) 
Io: diode reverse saturation current (0.2 mA) 
Rs: series resistance of PV cell (1 mΩ) 
Vc: output voltage of PV cell 
Tc: PV cell reference temperature (25oC) 
 
 
APPENDIX B 
 
Table VII: Numerical Values of Power Sharing of the DGs (Case  4) 
Conventional Controller 
Before load change After load change 
P SynGen/PFC P SynGen/PPV P SynGen/PBat P SynGen/PFC P SynGen/PPV P SynGen/PBat 
3.37 (3.0) 4.26 (3.92) 6.74 (6.0) 3.28 (3.0) 4.08 (3.92) 6.53 (6.0) 
Proposed Controller 
Before load change After load change 
P SynGen/PFC P SynGen/PPV P SynGen/PBat P SynGen/PFC P SynGen/PPV P SynGen/PBat 
2.91 (3.0) 3.79 (3.92) 5.84 (6.0) 2.95 (3.0) 3.73 (3.92) 5.87 (6.0) 
 
 
